A Schistosoma mansoni epitope recognized by a protective monoclonal antibody is identical to the stage-specific embryonic antigen 1 (carbohydrate epitope/autoantibodies/olfactory epithefium/mouse embryos)
ABSTRACT
In infections with the parasitic trematode Schistosoma mansoni, a component of the host defense is directed against the invading larval form, and carbohydrates on the surface of these larvae are targets for the immune attack during the early stages of infection. To identify such carbohydrate epitopes, which may be suitable for immunization against schistosomiasis, we have previously generated monoclotal antibodies to surface antigens; some of these confer protection to naive mice when passively administered. Here we show that one of the protective antibodies recognizes a determinant present in both the parasite and its mammalian hosts. The immunohistochemical distribution of this determinant in the head of embryonic mice was found to be identical to the stage-specific embryonic antigen 1 (SSEA-1), an epitope abundant in preimplantation embryos, several adult tissues, and malignant tumors. Oligosaccharides containing the SSEA-1 trisaccharide GalfI1-4(Fuca1-3)GlcNAc inhibit antibody binding to parasite antigen. SSEA-1 antibodies generated from mice immunized with rodent neural antigens bind to the surface of the schistosome larvae and mediate antibody-dependent cellular cytotoxicity. SSEA-1 antibodies are also elicited during human schistosomiasis infection, and this autoantibody response may be involved in the development of the natural immunity against the parasite.
Chronic schistosomiasis affects approximately 200 million people worldwide. In humans (1) and experimental animals (2, 3) , natural infection with the parasitic trematode Schistosoma mansoni induces a partial resistance to reinfection, and antibodies reactive against the surface of invading larvae may play an essential role in the development of this immunity (4) . The majority of these antibodies recognize carbohydrate epitopes associated with surface glycoproteins of Mr 17,000, 38,000, 160,000, and >200,000 (5) . Whereas some of the anti-carbohydrate antibodies confer protection against infection (6-10), others, which are designated blocking antibodies, inhibit the protective antibodies from attacking the parasite (11) (12) (13) . Despite the significance of the carbohydrate epitopes for immunity and their potential use as a vaccine against schistosomiasis, their precise chemical structures
have not yet been determined.
We have generated (14) several monoclonal antibodies to the four major species of surface glycoproteins on S. mansoni cercaria and schistosomula, the invasive larval stages in the definitive vertebrate host; they recognize at least five distinct carbohydrate epitopes (9) . Some of these antibodies confer protection against infection when passively administered to naive mice (6, 9) . Because 
METHODS
Antibodies. The monoclonal antibodies E.1, E.3, and E.5 were prepared from mice immunized with S. mansoni eggs as described (6, 14, 15) ; both E.1, which is of the IgG2b isotype, and E.5, an IgM, are protective in mice in vivo, whereas E.3, an IgG3 isotype antibody, is nonprotective. Each of these three antibodies recognizes a different carbohydrate epitopeThe well-characterized anti-stage-specific embryonic antigen 1 (anti-SSEA-1) monoclonal antibody 7A, which was generated from mice immunized with fetal rat brain, was a gift from M. Yamamoto (16) . The two monoclonal antibodies 2Hla and 3B11, which are here shown to recognize the SSEA-1 epitope, were generated from mice immunized with murine retinas (U.C.D., unpublished data), as was the neurofilament antibody R3 (17) 
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with a 1:100 dilution of fluorescein-conjugated goat antirabbit immunoglobulin antibodies for 30 min, and fixed with phosphate-buffered 4% paraformaldehyde/0.13% picric acid for 1 hr at 4(C. Sugar-Binding Assay. Hybridoma culture supernatants containing the monoclonal antibodies E.5, 7A, 2Hla, 3Blln, E.1, and E.3 were incubated for 45 min in the presence of increasing concentrations (0.02-2000 ng/ml) of lacto-N-fucopentaose III (BioCarb, Lund, Sweden) and then applied for 30 min to polyvinyl chloride microtiter plates coated with soluble egg antigen (50 ng per well) prepared from purified S. mansoni eggs as described (6) . The plates were washed and incubated with 125I-labeled rabbit-anti mouse immunoglobulin antibodies (500,000 cpm per well) for 30 min. The wells were washed and cut out, and the bound radioactivity was measured. The percentage of binding was determined by calculating 100 x (a -b)/a, where a and b are the amount of radioactivity bound in wells incubated in the absence and presence of lacto-N-fucopentaose III. The experiment was carried out in duplicate copies, and each value represents the mean percentage. The standard deviations were less than 7. In Vitro Killing Assay. Purified peripheral blood eosinophils were obtained from human donors, and eosinophil-mediated cytotoxicity assays were conducted as described (18, 19) by incubating live, mechanically transformed schistosomula (100 per well, 200-1.l final volume) with eosinophils at an effector cell/target ratio of 1000:1 in the presence or absence of 10 pM human recombinant granulocyte/macrophage colony-stimulating factor (GM-CSF; Genetics Institute). The antibody-dependent nature of the eosinophil-mediated killing of schistosomula was tested by applying either 50 pA of a 1:25 dilution of sera obtained from Brazilian patients with chronic schistosomiasis or 10 gl of a 7-fold concentrate of hybridoma culture supernatants containing the monoclonal antibodies 2Hla, 3Blln, or R3. Incubations of schistosomula and eosinophils without antibody and of schistosomula without eosinophils and without antibodies were tested as controls. The assay was scored by counting dead and live schistosomula in three wells after a 24-hr incubation. P values were calculated by x2 analysis.
RESULTS
In sections of embryonic mice, only E.5, an IgM monoclonal antibody that recognizes a protective carbohydrate epitope expressed on the Mr > 200,000 schistosome surface glycoprotein (9), gave a strong signal (Fig. 1) . The E.5 epitope was present on an array of different tissues, and its expression changed with developmental age. The most intensely labeled tissue in the entire head was the olfactory epithelium as shown at lower magnification for an embryonic day 14 mouse in Fig. lf and at higher magnification for an embryonic day 13 mouse in Fig. lb ; the surface of radial cells throughout the epithelium was labeled with accentuation of the luminal end-feet. E.5 labeling of the olfactory organ started at the beginning of placode invagination and persisted through development. The presence of the E.5 epitope in the olfactory epithelium seems conserved in vertebrates: we found a similar labeling pattern in mice, rats, and salamanders. In more caudal sections of days 14-16 embryonic mice, E.5 labeled strongly the inner ear (Fig. li) . Not shown is the labeling of the eyelid, radial cells in the brainstem, and glia in the fetal optic nerve. In the adult retina, E.5 stained a population of normally placed and displaced amacrine cells and their processes in the inner plexiform layer. Labeling of the embryonic brain by E.5 showed pronounced variations during development in the form of waxing and waning patterns, some of which appeared to be inversely related to maturational gradients as detected by antibodies to the neural cell adhesion molecule (not shown).
Next we asked whether species other than mice generate antibodies against the E.5 epitope in response to schistosomiasis. Sera from Brazilian patients with chronic infections of S. mansoni and rabbits immunized with purified schistosome glycoproteins (15) labeled a similar pattern of embryonic mouse tissues as E.5, which included bright labeling of the olfactory epithelium ( Fig. 1 c and g ); no such labeling was observed with sera from normal human subjects or rabbits. When patient or immune rabbit sera were fractionated by protein A-Sepharose chromatography, the antibodies that gave the E.5-like pattern were present only in the flowthrough fraction, suggesting that these antibodies were of the IgM isotype; this was verified by the use of ,u chain-specific secondary antisera in the immunohistochemical assays.
The distinctive labeling of embryonic mouse tissues by the anti-schistosome antibody E.5 reminded us of the distribution of the SSEA-1 epitope (20) , also known as X-hapten (21, 22) . This determinant was first described in preimplantation embryos (20) , but it is also found in embryonic brains (16) , several adult tissues (23, 24) , and malignant tumors (24) . To determine whether the E.5-like pattern is indeed identical to the distribution of the SSEA-1 epitope, we compared E.5 to the well-characterized anti-SSEA-1 monoclonal antibody 7A (16) and to the two monoclonal antibodies 2Hla and 3Blln, which give a similar labeling pattern as 7A and which are here shown to recognize the SSEA-1 epitope as well (see below). All three antibodies were generated from mice immunized with rodent neural antigens, and like all reported SSEA-1 antibodies, they are of the IgM isotype. In sections of embryonic mice, the anti-rodent antibodies labeled a similar distribution of tissues as E.5, including the olfactory epithelium (7A in Fig. lh; 2Hla in Fig. le; and 3Blln in Fig. 1 a and  d) and the inner ear (2Hla in Fig. lj) . In addition to its presence in embryonic tissues, the SSEA-1 determinant is known to be expressed on the surface of tumor cells such as the human myelocytic leukemia line HL-60 (24) and mouse F9 teratocarcinoma cells (20) . In immunocytochemical tests of HL-60 and F9 cells, the anti-schistosome antibody E.5 and anti-rodent antibodies 7A, 2Hla, and 3Blln all labeled intensely and specifically the surface of these cells.
Through binding-inhibition studies with oligosaccharides (25) and the isolation and sequencing of SSEA-1 glycolipids (22) , the structure of the SSEA-1 antigenic determinant has been identified as the trisaccharide Gal/31-4(Fucal-3)GlcNAc. To test whether the anti-schistosome antibody E.5 recognizes this trisaccharide, we used lacto-N-fucopentaose III, an oligosaccharide containing the SSEA-1 trisaccharide at its nonreducing end, in an inhibition assay (Fig. 2) . Increasing concentrations of this oligosaccharide inhibited the binding of E.5 and the anti-rodent antibodies 7A, 2Hla, and 3Blln to schistosome antigens in a dose-dependent manner; at the highest concentration of inhibitor, 2 ,ug/ml, levels of antibody binding were less than 30%. Lacto-Nneotetraose, the defucosylated analog of lacto-N-fucopentaose III, at concentrations up to 2 ug/ml did not inhibit antibody binding (not shown). Inhibition of 2Hla and 3Blln binding by lacto-N-fucopentaose III verified our previous assumption that they are SSEA-1 antibodies. Lacto-N-fucopentaose III did not inhibit the binding of E.1 and E.3, two anti-schistosome monoclonal antibodies that recognize a protective and a nonprotective carbohydrate epitope distinct from the E.5 epitope (6, 14) , confirming that binding of E.5 and the anti-rodent antibodies to the SSEA-1 oligosaccharide was specific.
To determine whether the SSEA-1 determinant is expressed on the surface of S. mansoni, we tested the ability of SSEA-1 antibodies to bind to live schistosomula. Antibodies E.5 (Fig. 3 a and b), 2Hla (Fig. 3 c and d), 3B11n (Fig. 3 e  and f ), and 7A (Fig. 3 g and h) strongly labeled the larval surface, whereas R3, an IgM monoclonal antibody against neurofilaments (17), did not (Fig. 3 i andj) . Since SSEA-1 is known to be present in some tissues of adult humans (e.g., granulocytes, the nervous system, digestive tract, urinary, and reproductive systems) (23, 24) , these results indicate that invading larvae express a host determinant on their surface.
Antibody-dependent cellular cytotoxicity appears to be a component of the immune defense against invading schistosomula (4). Since SSEA-1 antibodies bind strongly to the surface of schistosomula, we tested whether they could direct effector cells to kill the larvae in vitro. When incubated with the antibodies 2H1a and 3B11n, human peripheral bloodderived eosinophils killed schistosomula at levels (10% and 15%, Fig. 4 ) that were statistically significant above control levels-i.e., eosinophils incubated with neurofilament antibody R3 (3%) or no antibody (2%). Sera from Brazilian patients with chronic schistosomiasis mediated a 20% level of killing. Sera from uninfected humans mediate 2% killing, like incubations without antibodies (18, 19) . GM-CSF induces postmitotic phenotypic changes in human peripheral bloodderived eosinophils, which may be advantageous to the host defense against helminthic infections (18, 19 be mainly directed against circulating granulocytes, which carry the SSEA-1 determinant in humans (24) . Other tissue locations of the SSEA-1 epitope, such as the embryonic and adult brain, the epithelium of the digestive tract, and distal tubules of the kidney (23, 24) , are not easily accessible to SSEA-1 antibodies, which occur only in the IgM idiotype, and expression of autoimmunity here would not be expected. It has been demonstrated that intravenous infusion of murine anti-SSEA-1 antibodies into patients with acute myelogenous leukemia reduces the numbers of neutrophils but is otherwise minimally toxic (28) . It is possible that the mild leukopenia seen in patients with severe chronic schistosomiasis and hypersplenism (29, 30) is partly caused by the binding of SSEA-1 antibodies to neutrophils and immune sequestration by the spleen. As mentioned above, schistosome carbohydrate epitopes can induce both protective and blocking antibody responses. Blocking antibodies have been shown to inhibit in vivo (11) and in vitro (12) the action of protective antibodies, and they are believed to prevent the expression of immunity to reinfection particularly in young children (13 (4), others have demonstrated the ability of IgM antibodies against schistosomular surface antigens to confer significant levels of protection in vivo (9, (31) (32) (33) . As no serious autoimmune complications have been seen with the administration of SSEA-1 antibodies (28), oligosaccharides containing the SSEA-1 trisaccharide could be tested as a potential basis for a defined vaccine that induces protective responses and does not elicit blocking antibodies.
